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(54) Method of measuring the polarisation mode dispersion 



(57) A method of measuring the polarisation mode 
dispersion (PMD) of an optical transmission path (12) 
carrying clocked digital data traffic involves modulating 
the state of polarisation (SOP) of the tight launched into 
the transmission path, and detecting consequential fre- 
quency components in an electrical signal detected at 



the far end of the transmission path. The SOP modula- 
tion, when represented on a Poincar6 sphere (40, 50), 
has an oscillatory rotational component (42) at a fre- 
quency f-, about a first axis of the sphere and an oscil- 
latory rotational component (43) at a frequency f 2 about 
a second axis of the sphere that is orthogonal to said 
first axis, and where ^ * f 2 , ^ * 2f 2 , and f 2 * 2fj . 
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Description 

Background of the Invention 

5 [0001] When nominally circularly symmetric optical fibre is employed as a long distance transmission path from an 
optical transmitter to an optical receiver, the departures from perfect circular symmetry of that fibre can be of a sufficient 
magnitude for the fibre to function as a concatenation of birefringent elements of random relative orientation. Moreover 
that orientation is liable to change with time. 

[0002] When polarised light of any particular wavelength is transmitted through a single element exhibiting uniform 
10 birefringence, that light is, in general, resolved into two components (modes) propagating with two specific different 
velocities, and so possessing different transit times of propagation through that element. For each of two particular 
orthogonal states of polarisation (SOPs), known as the principal SOPs, the light is not resolved into different compo- 
nents, but propagates at a single velocity with a single transit time, i.e. propagates as a single (polarisation) mode. 
These principal SOPs are aligned with the principal axes of birefringence of the element. For light launched into the 
J5 element with either one of these two principal SOPs, the SOP of the light remains unchanged in its passage through 
the element. For light launched into the element with any other SOP, that light is resolved in its passage through the 
element into two orthogonal components aligned with the principal axes of the element and propagating with different 
velocities. As the result in the velocity difference, the relative phase of the two components at the far end of the element 
is generally not the same as that at the launch (input) end, and so the light emerging at the far end generally emerges 
20 with an SOP that is different from thai with which it entered the element. This characteristic can be conceptualised as 
the SOP of the light evolving in a cyclic manner in its passage through the element. 

[0003] When polarised light is transmitted through a concatenation of elements, each exhibiting uniform birefrin- 
gence, but whose principal axes are not all co-aligned, then : even if that light is not resolved into two components by 
the first element of the concatenation, it will be so resolved by a later element. Then each of those two elements will 

25 itself be resolved into two further components by an element further along the concatenation, and so on. It can be 
demonstrated that for any such concatenation there exists a specific pair of orthogonal SOPs having the property that 
light launched with either SOP into the concatenation propagates through it with a single transit time. The transit is 
faster for one of the SOPs than for the other, and the difference in transit time, the differential group delay (DGD), is a 
measure of the first order polarisation mode dispersion (PMD) of the concatenation. (The term first order PMD is 

30 employed in this specif icatbn to denote the DGD in respect of a particular wavelength, thereby excluding from its ambit 
consideration of second order PMD effects which describe the wavelength dependence of that DGD.) For neither one 
of this specific pair of orthogonal SOPs is the launch SOP maintained in the passage of the light through the concate- 
nation, and the light emerges at the far end with an SOP that is in general different from that with which it was launched. 
The emergent SOP for one of the single transit time launch SOPs is orthogonal to the emergent SOP for the other 

35 single transit time launch SOP. For any launch SOP that is not one of the single transit time launch SOPs : the emergent 
light is composed of two components (polarisation modes), generally of unequal amplitude, which have propagated 
through the concatenation with different transit times, respectively the previously mentioned fast and slow single transit 
times of the concatenation. 

[0004] By analogy with the single uniform birefringence element situation, the two single transit time launch SOPs 

40 for the concatenation are often referred to as the principal SOPs of the concatenation. Having regard to the fact that 
for such a concatenation the single transit time input (launch) SOPs are, in general, different from the corresponding 
output (emergence) SOPs, reference in this specification will be made to input principal SOPs (IPSPs) and to output 
principal SOPs (OPSPs). From consideration of principles of reciprocity, it will be evident that the I PSPs for one direction 
of propagation through the concatenation are the OPSPs for the other, and vice versa. 

45 [0005] The presence of first order polarisation mode dispersion (PMD) in a transmission path - the difference between 
the fast and slow single transit times (DGD) - is liable to be a problem when its magnitude becomes significant compared 
with the bit period of traffic propagating in the transmission path. Under these circumstances there will be significant 
pulse broadening at the receiver when bits are launched into the transmission path with an SOP that the transmission 
path divides into fast and slow single transit time components (modes) of equal power. In principle, this pulse broadening 

50 effect could be avoided by taking steps to ensure that the bits are always launched into the transmission path with 
SOPs matched with one of the IPSPs of the transmission path so that they always propagate, either exclusively with 
the fast transit time, or exclusively with the slow one, i.e. so that they always propagate in a single mode. However 
there are difficulties with achieving this in practice, The primary reason for this is that the IPSPs vary with time, and so 
an active SOP alignment system would be required. Additionally, identification of the IPSPs typically requires access 

55 to both ends of the transmission path, and so the active SOP alignment system situated at the transmitter end of the 
transmission path would require a feedback control signal from the receiver end of that transmission path. 
[0006] An alternative approach to the avoidance of the problems presented by first order PMD is a compensation 
approach that involves allowing the bits to be launched into the transmission path with an SOP that the transmission 
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path divides into two components (modes) propagating with different (fast and slow) transit times, and providing an 
active system at the receiver end which separates the two components, subjects the separated components to con- 
trolled variable differential delay to restore synchronisation of the components, and then recombines them. 
[0007] An example of the PMD compensation approach is described in United States Patent No 5 659 412. At the 

s receiver, the signal received from the transmitter via the transmission path is fed to a polarisation beam splitter via a 
polarisation state controller The outputs of the polarisation beam splitter are fed to separate detectors provided with 
associated clock extraction circuits, and the phase relationship between the two extracted clock signals is determined. 
The resulting phase difference signal is used to control the polarisation state controller in such a way as to maximise 
the phase difference. This phase difference is at a maximum when the polarisation state controller is operative to map 

10 the OPSPs of the transmission path on to the principal polarisation states of the polarisation beam splitter, and under 
these conditions the polarisation beam splitter is operative to separate the component of the signal launched into the 
transmission path that propagates through it with the 'fast' transit time from the component that propagates through it 
with the 'slow' transit time. In one of the embodiments specifically described, the electrical output of the detector pro- 
viding the phase-leading clock signal is delayed by the amount corresponding to the measured phase difference be- 

15 tween the two extracted clock signals, the DGD, and then the two electrical signals are combined. In the other embod- 
iment specifically described, the two detectors receive only a tapped fraction of the total optical power outputs from 
the polarisation beam splitter, while the remainder of that power, after the imposition of an optical delay upon the leading 
component, is optically combined and detected using a third detector. Thus it is seen that the approach of USP 5 659 
412 necessarily requires the use of at least two detectors capable of operating at the bit rate, some embodiments 

20 requiring three such detectors. Moreover operation of the device is complicated by the need to allow for the occurrence 
of occasions in which either one of the IPSPs of transmission path approaches and passes through coincidence with 
the SOP of the signal being launched into that transmission path. Under these conditions there is a large disparity in 
power level between the two outputs of the polarisation beam splitter. 

[0008] An alternative approach, the approach with which the present invention is concerned, is to forgo compensation 
25 for the effects of PMD, but instead to rely upon on-line measurement of the magnitude of the PMD to provide an output 
that can be employed to determine the maximum safe bit rate that can be handled by the transmission path at that time. 
[0009] There is a variety of situations in which measurement of PMD is useful on its own, without having recourse 
to any attempt to provide compensation for that PMD. For instance, measurement of PMD without compensation can 
be useful in the monitoring of a transmission path carrying traffic at one bit rate for assessment of its suitability for 
30 carrying traffic at a higher rate (e.g. suitability for uprating from 2.4 Gbit/s to 10 Gbit/s. In networks in which most of 
the regenerated spans exhibit relatively low PMD, but in which a few may exhibit marginally acceptable PMD, it may 
be important to identify those spans likely to be the cause of errors. A PMD monitor enables PMD related faults to be 
identified. A monitoring of changes in level of PMD can be used to control a protection switch operated to reroute traffic 
whenever the PMD of a link temporarily exceeds its mean value by an amount large enough to make any further 
35 increase likely to produce PMD- induced outage. 

Summary of the Invention 

[0010] The present invention is directed to the provision of a method of measuring first order PMD of a transmission 
40 path while it is being used for the transmission of data. This objective is accomplished by arranging to modulate (dither) 
the polarisation state of light launched into the transmission path. This modulation is of a form that, when represented 
on a Poincare sphere, has an oscillatory rotational component at a frequency t A about a first axis of the sphere, and 
an oscillatory rotational component at a frequency f 2 about a second axis of the sphere that is orthogonal to the first 
axis, and where f, * f 2 , U * 2f 2 , and f 2 * 2f v Given knowledge of the initial amplitudes of the f, and f 2 modulations, a 
45 measure of the PMD of the transmission path is ascertainable from a measure of the amplitudes of the components 
of the received clock at the receiver at frequencies f 1( f 2 , 2f n and 2f 2 . 

[0011] Other features and advantages of the invention will be readily apparent from the following description of pre- 
ferred embodiments of the invention from the drawings and from the claims. 

so Brief Description of the Drawings 

[0012] 

Figure 1 
ss Figures 2 and 3 

Figures 4, 5 and 6 



is a schematic diagram of an optical transmission system, 

are schematic diagrams respectively of the transmitter and receiver of the optical transmission 
system of Figure 1 , 

are Poincare diagrams illustrating the SOP modulation applied by the SOP modulator of the 
transmitter of Figure 2, and 
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F jg ures 7 depicts a set of timing diagrams illustrating how the alteration of the division of power between 

the fast and slow transit time components of pulses suffering PMD affects the tinning of their 
centres of gravity. 

5 Detailed Description of Preferred Embodiment 

[0013] Referring to Figure 1 , an optical receiver 10 is optically coupled with an optical transmitter 11 via an optical 
fibre transmission path 1 2 that exhibits polarisation mode dispersion (PMD), and that may include along its length one 
or more optical amplifiers 13, for instance optically pumped erbium doped fibre amplifiers. The major components of 

10 the optical transmitter 11 are schematically depicted in Figure 2, and comprise an optical source 20 emitting polarised 
light such as a semiconductor laser diode; a polarisation state modulator (ditherer) 21 ; and a data modulator 22 that 
digitally modulates the optical output of the optical source 20 with clocked data applied by way of terminal 23. (In Figure 
2 the polarisation state modulator 21 is specifically illustrated as preceding the data modulator 22, but it may be 
preferred or indeed necessary, to reverse this order. For instance, the reverse order is necessary if the data modulator 

is is of a form that requires a specific SOP, such is generally the case in respect of lithium niobate modulators.) The 
polarisation modulator is driven by two oscillators 24 and 25 respectively operating at frequencies f n and f 2 , where 
* f 2 , f, * 2f 2 . and f 2 * 2f v The output of oscillators 24 and 25 are employed by the SOP modulator 21 to modulate the 
SOP of the light directed into the modulator in a manner which, when represented on a Poincare sphere, have oscillatory 
rotational components respectively at the frequencies ^ and f 2 respectively about first and second orthogonal axes of 

20 the sphere Correspondingly, the major components of the optical receiver 10 are schematically depicted in Figure 3, 
and comprise a photodetector 30 whose electrical output is fed to an output terminal 31 of the receiver via decision 
circuitry 32 and also to a clock extraction circuit 33. The output of the clock extraction circuit provides a clock input 
signal to regulate the operation of the decision circuitry 32, and is also fed to four filters 34 respectively tuned to the 
frequencies f , , f 2 , 2^ and 2f 2 . The outputs of these four filters are fed to a microprocessor 35 adapted to perform, after 

25 calibration of the instrument using a test length of transmission medium of known first order PMD, the requisite algorithm 
upon the outputs of the filters to provide a PMD measure on output 36. 

[0014] The way in which the SOP modulation at frequencies f, and f 2 provided by the SOP modulator 21 of the 
transmitter 20 gives rise to amplitude modulation, at frequencies f v f 2 , 2f„ and 2f 2 , of the clock signal extracted at the 
receiver 1 0 by clock extraction circuitry 33 is conveniently explained by reference to the Poincare sphere diagrams of 

30 Figures 4, 5 and 6. A Poincare sphere is a way of representing all possible states of polarisation of light (linearly, 
circularly and elliptically polarised states) as points on the surface of a sphere. In the case of the Poincare sphere 40 
of Figure 4 the poles L and R represent circularly polarised states. On the great circle 'equator' through HQV and P 
are represented all the linearly polarised states, and between the poles and the equator lie all the elliptically polarised 
states. It may be noted that any pair of orthogonally polarised states lie at diametrically opposed points on the Poincare 

35 sphere When polarised light is transmitted through a medium exhibiting uniform birefringence, the SOP with which 
the light is launched into the medium is generally different from that with which the light emerges from that medium. 
However there is a particular pair of orthogonal SOPs for which launch and emergence SOPs are identical. These two 
orthogonal SOPs are termed eigenstate SOPs, and define the eigenaxis of that medium. The change in SOP produced 
by passage of polarised light through the medium is represented by a rotation on the Poincare sphere about the ei- 

40 genaxis through an angle determined by the strength of the birefringence, in the case of materials exhibiting linear 
birefringence, such as a uniaxial crystal of calcite, the eigenstates are linearly polarised SOPs, and so the eigenaxis 
lies in the equatorial plane of the Poincare sphere of Figure 4. Linear birefringence is also exhibited by optical fibre 
that does not possess perfect circular symmetry, for instance as the result of providing the fibre core with a structure 
producing a non-circularly symmetric lateral component of strain. In this instance the strength of the linear birefringence 

45 exhibited by the fibre is adjustable by the application of an adjustable amount of additional lateral strain, for instance 
by squeezing the fibre. If therefore the light from the source 20 enters the SOP modulator 21 in the form of linearly 
polarised tight, the SOP modulator may be composed of two frequency modulated squeezer elements, for instance 
piezoelectrical I squeezer elements operating in tandem upon the fibre. In respect of one preferred embodiment, if the 
SOP of the light entering the SOP modulator 21 is represented by the point H on the Poincare sphere 40 of Figure 4, 

so then the orientation of the first piezoelectric squeezer element of the SOP modulator 21 is oriented so that its eigenaxis 
lies along the line PQ. The mean retardation provided by this first squeezer element is chosen to be 7J4 t and so is 
represented on the Poincare sphere as n/2 rotation in the clockwise sense as seen from the P end of the eigenaxis. 
Superimposed upon this n/2 rotation is an oscillatory modulation at the frequency f , of an amplitude that corresponds 
to the sweeping out of an arc 41 on the Poincare sphere 40 that lies on the great circle through HLV and P, is centred 

55 on L, and subtends an angle 26 at the centre of the sphere. The second piezoelectric squeezer element of the SOP 
modulator 21 is then oriented so that its direction of squeeze is aligned at jUA with respect to that of the first squeezer 
element. The eigenaxis of the second squeezer element is therefore at tt/2 on the Poincare sphere with respect to that 
of the first squeezer element, i.e the eigenaxis of the second squeezer element is along the direction HV The mean 
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rotation provided by this second squeezer element is also chosen to be X/4 and is represented on the Poincare sphere 
as a ti/2 rotation in the clockwise sense as seen from the H end of its eigenaxis. The arc 41 is therefore mapped on 
to the position of arc 42 which lies on the equatorial great circle through HQV and R is centred on R and similarly 
subtends an angle 20 at the centre of the sphere. Superimposed on this jc/2 rotation is an oscillatory modulation at the 
5 frequency f 2 of an amplitude that, in the absence of the f t modulation of the first squeezer element, corresponds to the 
sweeping out of an arc 43 which lies on the great circle through QLP and R is centred on P and subtends an angle 20 
at the centre of the sphere. 

[0015] It is not necessary for both retarders of the SOP modulator to be variable strength linear birefringence retard- 
ers. Either or both may alternatively be variable strength circular birefringence retarders. Such a device may for instance 

10 be constituted by a Faraday rotator. An alternative form of variable strength circular birefringence retarder, one which 
does not employ bulk optics, but in which the light propagates from end to end in an optical fibre, is the type of device 
described in United States Patent No 5 115 480 with particular reference to its Figures 1 , 2 and 3. 
[0016] The manner of operation of an alternative embodiment of SOP modulator 21, one that employs a pair of 
variable strength circular birefringence retarders, will now be explained with reference to the Poincare sphere of Figure 

is 5. As before, the light entering the SOP modulator is plane polarised in a direction represented by the point H. The 
first variable strength circular birefringence retarder of the SOP modulator is driven with an oscillatory signal of fre- 
quency f 2 with an amplitude that corresponds to the sweeping out of an arc 51 on the Poincare sphere 50 that lies on 
the equatorial great circle through HQV and P, is centred on H, and subtends an angle 20 at the centre of the sphere. 
Between this first variable strength circular birefringence retarder and the second are located two quarter-wave (fixed 

20 strength) linear birefringence retarders. The first of these quarter-wave retarders is oriented so that on the Poincare 
sphere, its eigenaxis is aligned in the direction PQ, and so this quarter-wave retarder has the effect of mapping the 
arc 51 on to the arc 52 that lies on the great circular through HLV and R, is centred on L, and similarly subtends an 
angle 20 at the centre of the sphere. The second of the quarter-wave linear birefringence retarders is oriented at 45° 
to the first so that on the Poincare sphere, its eigenaxis is aligned in the direction HV Accordingly this second quarter- 
ns wave retarder has the effect of mapping the arc 52 on to the arc 43, that lies on the great circle QLP and R, is centred 
on P, and also subtends an angle 20 at the centre of the sphere. The second variable strength circular birefringence 
retarder is driven with an oscillatory signal of frequency f, with an amplitude that, in the absence of the f 2 modulation 
of the first variable strength circular birefringence retarder, corresponds to the sweeping out of the arc 42 which lies 
on the equatorial great circle through HQV and R is centred on R and subtends an angle 20 at the centre of the sphere. 

30 [0017] Referring now to the Poincare sphere 60 of Figure 6, it is assumed, for simplicity of analysis, that the output 
from the SOP modulator is applied directly to the input of the PMD transmission path 1 2 without any intervening change 
of SOP. Accordingly the input SOP to the transmission path has a mean state corresponding to the linearly polarised 
state P. The transmission path has fast and slow IPSPs (input principal SOPs) that in the course of time are liable to 
wander all over the surface of their sphere while at all time remaining diametrically opposed to each other. At some 

35 instant these fast and slow IPSPs may be represented in the Poincare sphere respectively at locations F and S. 

[0018] Ignoring, in the first instance, the polarisation state modulations at frequencies f t andf 2 , light is being launched 
into the PMD transmission path 12 with an SOP given by point R and at this instant neither of the IPSPs is coincident 
with P. Therefore some of the light propagates through the transmission path 12 with the fast transit time, while the 
remainder propagates through with the slow transit time. The amplitudes of the fast and slow components is determined 

40 by the angle POS = 2y between the PQ and FS axes. The amplitude of the fast component varies with sin 2vj/, while 
that of the slow component varies with cos 2y. 

[001 9] The effect of the SOP modulations at frequencies f n and f 2 is to produce a modulation of the division of optical 
power between the component propagating through the PMD transmission path with the fast transit time and the com- 
ponent propagating through it with the slow transit time. The manner in which the arises may easily be seen by con- 

45 sidering certain specific orientations of the FS axis defined by the IPSPs. If this FS axis is aligned with the HV axis, 
then 2y = it/2, with the result that the launch power is divided equally between the component propagating through 
the PMD transmission path 1 2 with the fast transit time, and the component propagating with the slow transit time. The 
SOP modulation at frequency f 2 described by arc 43 does not involve any modulation of the angle 2\y, and therefore 
the division of power between the fast and slow transit time components is unaffected by this SOP modulation at 

so frequency f 2 . This SOP modulation at frequency f 2 described by arc 43 will similarly involve no modulation of the angle 
2y for any orientation of the FS axis lying in the equatorial plane containing HQV and P. On the other hand, the SOP 
modulation at frequency ^ described by arc 42 will produce a corresponding modulation (by ± 0) of the angle 2^, and 
so will produce a corresponding modulation of the division of power between the fast and slow transit time components 
propagating through the PMD transmission path 12. When 2y = ti/2 (i.e. when the FS and HV axes are aligned) the 

ss division of power modulation is, for small values of 8, related approximately linearly to the SOP modulation frequency 
f n , and so the ratio of the division of power modulation at 2^ to that at ^ is small. This ratio increases to a maximum 
as the orientation of the FS is swept round in the equatorial plane into alignment with the PQ axis (i.e. as 2y is reduced 
from 2\\i= jc/2 to 2\|f = 0). 
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[0020] Attention is now returned to the situation in which the FS axis is a.igned w,th the HV axis and a P^ 
of pul e width * is launched into the PMD transmission path 12 from the transm ter 11 The angle ^ = *K an so 
when the pulse emerges from the far end of the PMD transmission path 12, ,t » found to be composed o two equal 
amplitude components whch have propagated through the transmission path 12 wrth deferent 

s mention at I , described by arc 42 modulates the angle 2v, over the range n/2 ± 6. The t,m,ng d agrams a) and (b 
of Figure 7 depict the response of the photodetector 30 respectively to the arr W al at the rece>ver 10 of the fast trans* 
Le component and to that of the slow transit time component for the .aunch SOP condrtion corresponding to the end 
7 the arc 42 that is nearer V, i.e. when 2 ¥ = nl2 ± 9. The response to the fast transit time component is ahead of that 
to tie slow transit time component by the differential group delay time W which is the polarisation ^ispe^on 

io o° he transmission path 1 2 Because in this instance 2y > n/2, the relative amplrtude of the response of the photode- 

(0.5 ± m). The resultant of these two responses is shown in timing diagram (c) of Figure 7, and t car read My be shown 
that the centre of gravity. CofG„ of this resultant response is delayed m X t DGD with respect to the centre of gravity 

« aTl^^^ -2 (.) of Figure 9 depict the response of the photodetector 30 respectively to the 
arnVal of the fast and slow transit time components for the launch SOP condition corresponding to the 0,her °* ^ 
a c 42 the end nearer H, i.e. when 2 V = n/2 - 9. The resuttant of these two responses is shown ,n trntng diagram (f) 
of Figure 7, and it can readily be shown that the centre of gravity, Co1G 2 , of this resultant response ,s advanced m x 
tr^r* with respect to the centre of gravity pertaining where 2y = ic/2. 
20 [0022] The clock extraction circuit 33 produces Cock pulses that have a centre of grav„y centred on he a = 
iming ol a preceding train of pulses, and so it is seen that, provided that frequency 1, ,s long compared with the durat on 
oHhe puis train averaged by the clock extraction circuit, the Cock output will have a modufct.on component at fre- 
quency f t whose amplitude is directly rented to the magnitude of the PMD exhibited by transrmssion 1 2 . 
SSn From the foregoing, it is evident that, if the SOP modulation amplitude 9 is known, it ,s ,n pnncple possUe 
o determine the magnitude o, the PMD exhibited by transmission path to be dotormined f ror^ a me a 3ure of th^ 
nitude of the f1 component of the extracted clock signal whenever the IPSPs are known to be aligned wrth the HV» *. 
On Ss own. this lacks practical utility in the absence of knowledge as to when the IPSPs are ^ alined ^ the HV 
axis but the situation can be somewhat generalised by additiona.ly taking into account the amp rtudes of the compo. 
nents of the clock output a. frequencies f 2 and 2f2. By including knowledge of the rnagnrtudes of these two additiona. 
variables it is possible to determine the magnitude of the PMD for any orientation of the IPSP axis. 
M24] To derive the relationship between DGD magnitude and the f and 2f peak-to-peak ampl udes presen . the 
Sted clock signal, the ensuing analysis assumes that the DGD has a magnitude T, and that the angle subtended 
auhe centre of the Poincare sphere between the SOP of the light launched into the transmission path 1 2 and the stow 

JSa^Lit time mode is therefore cos* (o/2), and the fraction .aunched into the fast ^ 
(a/2). A. the far end of the transmission path 1 2 the phase of this light .s given by the weighted sum of the two contr, 

butions, and is given by: 



25 



30 



35 



40 



45 



0 = >&Tcosa 



I measuring phase with respect to the condition pertaining when the SOP of the launched light is such that the fast and 

arc along a Poincare great cicle inclined at an angle f> to the great circle containing the (unmodulated) launch SOP 
and the two IPSPs, this modulation having a modulation depth Aa v The clock phase now becomes: 



O = WT cos (a + Aa, sin a^t cos p) 



so where K = 27c(o n _ _ 

Then, when the f 2 SOP modulation is also taken into account, the clock phase becomes. 

O = ViT cos (a + Aa, sin c^t cos (i + Aa 2 sin to 2 t sin P) 

55 

where f 2 = 2mo2 , and where the f 2 modulation has a modulation depth Aog. 
Under the assumption that Aa, = Act2 = Aa «1 , 



(2) 



(3) 
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20 



<D s ft! cos a{1 - 1 /4(Aa) 2 - (Aa) 2 sin p cos p[cos (o^t - co 2 t) -cos (o^t + to 2 t)]} 

- ^Tf(Aa) 2 cos(2(o 1 t) cos 2 p + (Aa) 2 cos(2co 2 t) sin 2 P} 

- %T sin a{Aa sinftOjt) cos p + Aa sin(co 2 t) sin p} (4) 

[0025] The above has the following amplitude components at frequencies f 1( f 2 , 2^ and 2f 2 : 

A 1f1 = #T sin a Aa cos p (5) 

A 1f2 = #Tsin a Aa sin p (6) 

A 2f1 = fcT (Aa) 2 cos a cos 2 p (7) 

A 2f2 = VoX (Aa) 2 cos a sin 2 p (8) 

where A 1f1 , A 1f2 , A 2fl and A 2f2 are the amplitudes of the components respectively at frequencies \ v f 2 , 2f A and 2f 2 . 
From (7) and (8) 



30 



From (5) and (6) 



T cos a - SJA^ + A 2f2 ) / (Aa) 2 (9) 



T 2 sin 2 a = 4(A 2 1f1 + A 2 1f2 ) / (Aa) 2 (10) 



35 From (9) and (10) 



T.2{(A 2 1f1 + A 2 1f2 )/(Aa) 2 + 16(A 2f1 + A 2f2 ) 2 / (Aa)V (11) 



[0026] The choice of suitable frequencies f 1 and f 2 with which to modulate (dither) the SOP at the transmitter 11 
depends upon a number of factors. One of these is the form of filtering 34 at the receiver 1 0. The noise characteristics 
of such filtering are an important consideration. If phase locked loop filtering is employed, 1/f noise is the dominating 
noise source, and in such circumstances choosing a high modulation frequency provides a good signal to noise ratio, 
but the choice of frequency must bo kept within the bandwidth constraints of the particular form of SOP modulator 
employed. As an example, when using a lithium niobate SOP modulator, the choice of SOP modulation frequencies 
in the neighbourhood of 10kHz may be preferred, operating with a modulation depth corresponding to an arc on the 
Poincare sphere subtending at its centre an angle in the region of 10°. 

[0027] The foregoing analysis has been predicated on the SOP of the light being launched into the SOP modulator 
21 being known and, without loss of generality, the analysis developed by way of specific example for the case in which 
this known SOP is a linearly polarised state arbitrarily represented by the point P on the Poincare sphere. If however 
for some reason the SOP with which light is launched into the SOP modulator 21 is not known, or is liable to vary with 
time, then it could be possible for this launch SOP to become aligned with the eigenaxis of one of the two variable 
strength birefringence elements of the SOP modulator 21 . Under these conditions the modulation of the birefringence 
strength of that particular element would produce no corresponding modulation of the output SOP of the SOP modulator. 
The problem that this possibility presents can however be circumvented by providing the SOP modulator 21 with a 
third variable strength birefringence element modulated at a frequency f 3 , where fj * f 3 * f 2 . 2f-, * f 3 * f 2 and f , * 2f 3 * 
f 2 , and arranged so that its eigenaxis is orthogonal with respect to the eigenaxes of the other two variable strength 
birefringence elements of SOP modulator 21. 
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